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ABSTRACT 

Using  reconflgurable  and  adaptable  networks  of 
micro/nanosatellites  to  support  cost-effective  space 
missions  is  a  popular  new  direction  in  the  space 
community.  Micropropulsion  systems,  which  control 
a  satellite’s  dynamics  and  attitude,  are  instrumental  to 
the  success  of  such  missions.  Since  the  overall 
resources  available  for  a  micro/nanosatellite  are  more 
restricted  than  for  a  single  large  satellite,  the 
micropropulsion  system  must  be  lightweight,  low 
power  and  low  cost.  This  study  provides  an  initial 
estimate  of  the  mission  requirements  that  drive  a 
micropropulsion  design  for  a  university-built 
microsatellite.  It  is  demonstrated,  through  a 
pragmatic  joint  venture  between  a  university  and  a 
government  laboratory,  that  university  satellites  are 
an  effective  testbed  for  unconventional  new 
technologies.  An  example  of  a  university  satellite  that 
successfully  served  as  a  technology  demonstration 
platform  as  well  as  an  effective  education  instrument 
is  presented.  A  follow-on  mission,  which  will  be  the 
platform  for  flight  testing  a  micropropulsion  module, 
is  then  described.  Two  candidate  micropropulsion 
systems,  the  free  molecule  micro-resistojet  and  a 
cold-gas  micronozzle,  have  been  studied  for 
applicability  to  the  prescribed  mission.  The 
preliminary  study  concludes  that  the  free  molecule 
micro-resistojet  is  the  more  appropriate 
micropropulsion  system  for  this  particular  mission. 
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INTRODUCTION 

Studies  have  shown  that  by  partitioning  the  functions 
of  a  single  large  satellite  into  a  number  of  smaller 
satellites  that  orbit  in  close  proximity  and  operate 
cooperatively,  one  could  achieve  cost  and  weight 
reductions.1  Such  ideas  involve  a  cluster  of  several  to 
many  satellites  that  fly  in  formations  from  10  to  1000 
meters  in  size.  The  satellites  are  in  constant 
communication  with  each  other.  Each  could  perform 
a  unique  dedicated  task,  or  the  cluster  could  operate 
like  a  parallel  computer  with  each  identical  satellite 
contributing  a  small  part  to  the  whole.  Hence,  the 
cluster  operates  cooperatively  to  perform  a  function 
like  a  “virtual”  satellite.  These  ideas  have  been 
applied  to  the  TechSat21  radar  mission,  and 
preliminary  estimates  have  indicated  that  there  is 
merit  to  this  approach.1  In  fact,  the  New  World 
Vistas  Space  Technology  Panel  has  advocated  the  use 
of  networks  and  clusters  of  reconflgurable  and 
adaptable  micro/nanosatellites  to  support  cost- 
effective  space  missions. 

A  key  element  for  microspacecraft  operations  is  a 
practical  micropropulsion  system.  Micropropulsion 
systems  offer  a  wide  variety  of  mission  options,  all 
relevant  to  formation  flying,  which  include  attitude 
control,  station  maintenance  specially  in  low  Earth 
orbit^jpLECfl,  altitude  raising,  plane  changes,  and  de¬ 
orbit.  Consider  altitude  raising  for  example.  Although 
the  Hohmann  transfer  is  the  most  efficient  means  for 
changing  orbit,  it  requires  substantial  impulse 
instantaneously.  This  can  translate  into  significant 
power  requirements,  propellant  mass,  and  a  more 
robust  and  massive  structure.  On  the  other  hand,  a 
near-circular  spiral  transfer,  which  requires  a  low- 
thrust  constant  burn,  may  pose  less  stringent 
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requirements  on  the  spacecraft.  This  orbit-transfer 
scheme  is  a  more  attractive  alternative  for 
micro/nanosatellites,  where  the  power,  volume  and 
mass  are  not  only  limited,  but  might  not  be  scaled 
proportionally  from  larger  spacecraft.  As  another 
example,  consider  de-orbiting.  As  individual 
satellites  become  useless,  there  is  a  strong  interest  in 
removing  them  from  LEO  to  eliminate  the  growing 
problem  of  space  debris.  For  this  particular  operation 
that  takes  place  at  the  end-of-life  (EOL)  of  a  satellite, 
less  stringent  requirements  for  the  micropropuision 
system  may  be  needed.  For  instance,  power  usage  is 
generally  not  critical,  pressure  regulation  may  not  be 
required,  and  lifetime  testing  can  be  unnecessary. 
Consequently,  conventional  propulsion  systems 
might  not  be  the  optimal  solution  for 
micro/nanosatellite  missions. 


The  field  of  micropropuision  is  still  in  its  infancy, 
and  further  development  of  current  concepts  is  very 
much  needed.  Nevertheless,  there  are  a  wide  range  of 
new  concepts  presently  being  investigated  within 
government  agencies,  industry,  and  universities.  ’ 
On  the  whole,  the  following  issues  that  are  generally 
associated  with  propulsion  systems,  would  require 
special  attention  when  dealing  with  a  “scaled-down” 
system  on  a  micro/nanosatellite:3 
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■  Materials  compatibility  between  the  propellant 
and  surface  material 

Ev#n  though  the  compatibility  issue  between  the 
propellant  and  surface  materials  may  not  exist  on 
larger  spacecraft,  it  can  be  a  problem  on 
micro/nanosatellites  due  to  the  materials  used  in 
microfabrication  processes. 

■  Contamination  problems  from  propellant 
ablation  and  vaporization 

Thi^can  be  attributed  to  the  close  proximity  of 
individual  micro/nanosatellites  in  constellation 
formation. 


■  Valve  leakage 

As-fec  propulsion  system  is  scaled  down  to  a  micro¬ 
level,  valve  leakage  must  also  decrease 
proportionally.  The  operation  of  micro-valves  is 
dominated  by  micro-scale  transport  phenomena  that 
are  fundamentally  different  from  those  in  macro¬ 
scale  applications. 


*  Passage  clogging  that  results  in  single-point 
failures  in  micro-machined  devices 
Mispopropulsion  systems  can  be  more  susceptible  to 
passage  clogging  because  of  the  micro-scales 
involved.  Innovative  approaches  to  filtering  and 


nozzle  design  are  necessary  to  ensure  functionality 
and  reliability, 

■  System  reliability  and  durability 
As=j£onventionaI  propulsion  systems  are  scaled  to  a 
micro-level,  every  microspacecraft  part  must  perform 
under  the  same  physical  environment  as  larger 
spacecraft.  The  size  of  the  part  cannot  compromise 
system  reliability  and  durability.  For  example,  the 
amount  of  propellant  required  by  a  micropropuision 
system  may  be  significantly  less  than  that  for  a  larger 
spacecraft;  however,  requirements  .  for  the 
containment  of  any  hazardous  propellant  remain  the 
same.  Moreover,  as  the  physical  system  is  scaled,  the 
mechanical  integrity  of  the  system  must  be  preserved. 

»  Manufacturing  complexity 

Th^scale  of  the  product  and  the  selection  of 
materials  would  require  different  manufacturing 
methods.  The  feasibility  and  ease  of 
manufacturing — the  level  of  micro-machining 
technology — can  greatly  affect  the  development  of 
micropropuision  systems. 

■  Integration  complexity  ^ 

are  several  components;  however,  ^two  of  the 
main  issues  are  considered  here.  First,  the  internal 
volume  of  a  micro/nanosatellite  is  much  smaller  than 
that  of  a  larger  spacecraft.  Consequently,  integration 
of  the  micropropuision  system  with  the  entire 
spacecraft  must  be  as  simple  as  possible— involving 
very  few  steps,  minimal  removal  of  other 
components,  and  possibly  a  modular  design  to 
increase  flexibility.  Second,  if  part  of  the 
micropropuision  system  fails  after  integration,  in-situ 
replacement  of  the  part  may  be  so  difficult  that 
replacement  of  the  entire  micropropuision  module  is 
preferable.  This  solution  affects  the  number  of 
backup  systems  required  for  a  mission. 

In  order  to  be  useful  in  micro/nanosatellite 
operations,  micropropuision  systems  must  be 
designed  to  overcome  these  challenges,  while  aiming 
to  keep  the  unit  lightweight,  compact,  low  power, 
efficient,  and  inexpensive.  As  can  be  imagined, 
overall  system  considerations  enter  the  selection  of  a 
micropropuision  system  in  addition  to  performance 
[specific  impulse^  of  the  propellant.4  The 
resources  of  mass,  volume,  and  power  available  on 
micro/nanosatellites  will  be  much  more  limited  than 
on  larger  satellites.  Hence,  additional  research, 
analysis,  and  testing  must  be  carried  out  to  ensure 
functionality  and  mission  success. 
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University  Satellites  as  Technology  Testbed  provision  of  an  audio  transponder  for  amateur  radio 

(AMSAT)  operators.  The  satellite's  14-sided 
The  development  of  micro/nanosatellite  technologies,  cylindrical  body  was  constructed  of  a  lightweight 

including  micropropulsion,  can  be  achieved  through  a  carbon-fiber  composite.  There  were  510  2  x  2  cm 

partnership  between  government  and  universities.  A  *  j^dlium-arsenide  (GaAs)  solar  cells  that  provided  8 
university  satellite  program  with  its  industry  and  | (w)of  power  on  average  for  the  satellite.  The  rest  of 
government  partners  can  provide  an  inexpensive  tKe  power  system  consisted  of  6  Nickel-Cadmium 

testbed  and  innovative  solutions  to  satellite  i  batteries  and  high  efficiency  DC-DC  converters  that 
technologies.  At  the  same  time,  such  a  program  is  1  ^  supplied  regulated  3  V  and  5  V  to  the  spacecraft 


essentially  educating  and  preparing  the  next 
generation  of  scientists  and  engineers.4  Another 
feature  of  such  a  program  that  strongly  impacts  the 
students'  education  is  interaction  with  industry  and 
government.  This  day-to-day  contact  brings  the 
students  closer  to  the  industry  environment  and  helps 
students  establish  a  long-lasting  network  and  identify 
future  job  opportunities.  With  the  large  amount  of 
industry  interaction  associated  with  such  a  project, 
students  also  gain  confidence  in  their  abilities  and 
develop  effective  public-speaking  and  human- 
interaction  skills.  Students  acquiring  these  skills  at 
the  university  level  become  even  more  valuable  to 
their  profession. 

An  example  of  such  a  program  is  the  Arizona  State 
University  (ASU)  Student  Satellite  Program.  The 
design  of  ASU's  first  satellite,  ASUSatl,  began  in 
October  1993,  when  a  local  "launch  vehicle  company 
agreed  to  launch  a  small  payload  for  the  students  if 
the  satellite  would  perform  meaningful  science, 
weigh  under  8  kg  (including  the  release  mechanism), 
and  fit  within  an  envelope  of  33  cm  in  diameter  and 
27  cm  in  height  Due  to  the  size,  power,  mass  and 
funding  constraints,  such  things  as  active  control, 
radiation  shielding,  and  many  other  complex  systems 
were  eliminated  from  the  design.  Students  went 
through  a  series  of  invaluable  lessons  in  search  of 
feasible  solutions.  These  lessons  ranged  from 
problem  definition,  exploring  design  space, 
conducting  trade  studies,  determining  the  feasibility 
of  manufacturing,  and  quality  control.  It  should  be 
emphasized  that  these  lessons  are  not  taught  in  the 
classroom,  but  were  learned  hands-on  by 
participating  in  a  real  design  project  In  retrospect, 
the  core  objective  of  the  project  has  been  to  explore 
the  frontier  of  the  ‘"smaller,  faster,  cheaper”  product 
space,  which  is  the  fundamental  challenge  to  all 
micro/ nanosatel  lites  and  all  the  subsystems  that 
support  the  mission. 

ASUSatl  was  one  of  the  lightest  satellites  designed 
to  do  valuable  science  in  space.  The  science  payload 
included  low-cost  coarse-resolution  spectral  imaging, 
global  positioning  system  (GPS),  innovative  passive 
stabilization  and  damping,  10-degree  attitude 
determination  system,  autonomous  operations,  and 


subsystems.  Other  components  included  dynamics 
and  thermal  sensors,  a  spherical  fluid  damper,  a 
torque  coil,  and  a  gravity-gradient  boom.5,  ” 

The  collective  effort  of  over  400  students  in  the  6 
years  finally  came  to  fruition  on  January  26,  2000, 
when  ASUSatl  was  launched  on  the  maiden  voyage 
of  the  Orbital/Sub-Orbital  Program  (OSP)  Space 
Launch  Vehicle.  Approximately  50  minutes  after 
launch,  ASUSatl  was  the  first  of  the  five  payloads  to 
be  heard  when  an  amateur  radio  operator  in  South 
Africa  received  two  beacons  on  its  frequency.  The 
contact  confirmed  that  ASUSatl  had  been 
successfully  deployed  from  the  rocket  and  that  the 
satellite  was  functioning  on  orbit  Multiple  contacts 
with  ASUSatl  were  made  by  amateur  radio  ground 
stations  around  the  world.  Initial  telemetry  received 
from  these  stations  indicated  that  the  satellite  was 
healthy  and  functioning  as  expected,  except  for  a 
possible  charging  problem.  Unfortunately,  this 
problem  prevented  the  solar  arrays  from  supplying 
power,  and  the  operation  of  the  satellite  finally 
drained  the  batteries  after  fifteen  houig) 

Our  mission  objective  was  to  show  capability  in  a 
very  tow-mass,  low-power,  low-volume,  and  low- 
cost  satellite.  Even  though  the  mission  was  brief, 
telemetry  from  ASUSatl  indicated  that  the  majority 
of  the  student-designed  satellite  components  operated 
as  designed,  including  the  receivers,  transmitter,  • 
modem,  computer,  boot-loader  software,  data 
acquisition,  carbon-composite  structure,  satellite 
deployment  system,  power  storage  and  regulation, 
boom  deployer,  gravity-gradient  stabilization,  and 
thermal  sensors.  The  signals  to  ground  stations 
around  the  world  were  strong.  Attitude  sensor  data 
was  also  obtained,  but  with  only  two  frames  available 
it  is  not  possible  to  draw  any  firm  conclusions. 
Commissioning  and  analyses  of  the  cameras,  GPS, 
amateur  radio  repeater,  and  gravity-gradient  fluid 
damper  were  scheduled  for  later  in  the  mission,  so  no 
information  on  these  components  was  available.  The 
ASUSatl  experience  was  an  incredibly  positive  one 
for  the  students.  With  the  wealth  of  lessons  learned 
from  their  first  satellite,  the  students  are  only  more 
eager  and  ambitious  to  complete  their  next  mission, 
the  Three  Comer  Sat  (3CS)  constellation. 
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THREE  CORNER  SAT  MISSION 

Our  next  project  Is  a  joint  effort  among  ASU,  the 
University  of  Colorado  at  Boulder,  and  New  Mexico 
State  University,  and  thus,  aptly  named  Three  Comer 
Sat9  This  constellation  of  three  identical  satellites 
shown  in  Fig?  I  is  expected  to  be  Inserted  by  the 
Shuttle  at  an  initial  altitude  of  350  km.  The  spacecraft 
bus  itself  Is  a  modular,  easily  configurable  design  that 
allows  one  to  fly  multiple  science  payloads  with 
minimal  modifications  to  the  structure  and 
configuration.  Also,  this  program  will  emphasize 
student  education  as  students  participate  in  design, 
manufacturing,  integration,  testing,  mission 
operations,  and  program  management. 

Mission  Description 

The  primary  missions  of  3CS  Include  stereoscopic 
imaging,  virtual  formation  flying,  innovative 
communications,  automated  operations,  and  end-to- 
end  command  and  data  handling.  The  stereoscopic  .  - 
imaging  mission  will  take  pictures  of  dynamic 
atmospheric  phenomena  using  the  satellite  formation 
created  at  deployment.  The  constellation  will  make 
use  of  creative  crosslink  communications  to  aid  In 
distributed  and  automated  operation.  This  allows  both  . 
the  individual  satellites  and  the  formation  to 
reconfigure  ,  for  optimum  data  gathering, 
communications,  and  command  and  control. 

After  deployment  from  the  Shuttle,  a 
micropropulsion  system  will  be  used  to  increase  the 
altitude  of  the  satellites,  allowing  an  extended 
mission  lifetime  and  greater  data-gathering  capacity. 

The  primary  mission  requirements  are  given  in  the 
following  section. 

Spacecraft  Description 

The  individual  3CS  sateliit^  will  be  hexagonal 
shaped,  45.7  cm  across  from  point  to  point,  and  25.4 
cm  in  height.  The  primary  load-bearing  structure  is 
an  aluminum  6061-T6  isogrid  frame  as  shown  in  Fig^ 

SThe  panels  and  the  bulkheads  are  interlocked  (Fig^’’^' 
in  order  to  provide  greater  rigidity  and  flexibility 
in  handling  and  testing.  The  top  and  all  side  panels 
will  be  covered  with  GaAs  solar  cells  mounted  on 
kevlar  and  phenelic  impregnated  aramid  honeycomb 
composite  faceplates.  The  components  that  will  be 
mounted  on  the  exterior  of  the  top  bulkhead  are  the 
star  mapper,  the  GPS  patch  antenna  and  the  top 
bulkhead  solar  array.  The  bottom  panel  will  remain 
open  for  sensor  access,  the  micropropulsion  module, 
and  the  S-band  patch  antenna  as  shown  in  Fi^4.  The 
top  and  bottom  panels  will  have  a  bolt  pattern  to 


accommodate  either  the  separation  system,  or  a 
handling  assembly.  In  addition  to  the  imaging  and 
micropropulsion  experiments,  other  subsystems 
include  the  attitude  and  orbit  determination  and 
control  subsystem,  the  communications  subsystem, 
the  end  to  end  data  subsystem,  the  electrical  and 
power  subsystem,  and  the  structures,  mechanisms, 
thermal,  and  radiation  subsystem. 

Current  designs  have  the  payload  configured  as  in 
Figj?"?^  so  that  the  transceivers,  flight  computer,  and 
electrical  boxes  will  be  attached  to  the  top  bulkhead 
and  side  panels.  The  imager,  momentum-wheel 
assembly,  propellant  tank,  and  battery  box  will  be 
placed  on  the  inside  of  the  bottom  bulkhead  and  will 
have  the  capability  of  attaching  to  the  side  panels  as 
well.  The  payloads  in  Fi^Sare  general  envelopes,  as 
the  housings  are  yet  to  be  designed.  Although  the 
propellant  tank  is  modeled  as  spherical  in  the 
envelope  drawing,  the  final  shape  is  to  be  determined 
as  well. 

The  3CS  stack  will  be  composed  of  the  three 
individual  spacecraft  with  separation  systems 
between  them.  The  interface  between  the  satellite 
stack  and  Shuttle  is  the  multiple  satellite  deployment 
system  (MSDS).  The  basic  configuration  is  shown  in 
Fig/ fr  The  stack  itself  will  weigh  less  than  50  kg  and 
will  stand  91  cm  tall. 

Operational  Modes 

The  3CS  mission  features  eight  operational  modes. 
Following  separation  from  the  MSDS,  the  antenna  on 
the  bottom  spacecraft  will  be  deployed, 
communication  with  ground  stations  will  be 
established,  and  the  stack  will  go  through  a  functional 
checkout  mode.  This  mode  will  last  approximately 
one  week.  The  second  mission  mode  is  individual 
spacecraft  separation.  Once  the  correct  orientation 
and  pointing  of  the  stack  are  verified,  separation  of 
the  individual  spacecraft  will  be  initiated  by  ground 
command.  Upon  separation,  antennas  will  deploy 
from  each  spacecraft,  and  communication  will  be 
established  with  ground  stations  at  each  university. 
Telemetry  data  will  be  relayed  to  the  ground  and 
health  of  the  spacecraft  will  be  determined 
accordingly.  This  phase  will  last  less  than  one  day. 
The  third  mode  is  individual  spacecraft  functional 
checkout.  Completion  of  this  mode  will  take 
approximately  one  week. 

Following  spacecraft  functional  checkout,  there  will 
be  a  performance  evaluation  mode  for  both  the 
individual  spacecraft  and  the  entire  3CS  formation. 
This  mode  will  assess  the  formation  flying  and 


virtual  communications  capabilities.  Intersatellite 
communication  links  will  be  used  to  transfer 
formation  tasks  that  will  best  optimize  performance. 

In  addition,  any  shortcomings  in  individual  spacecraft 
performance  will  be  identified  and  compensated.  This 
mode  will  take  about  two  weeks. 

The  next  mode  will  be  the  micropropulsion  mode  in 
which  the  micropropulsion  system  becomes  the 
primary  experiment  onboard  the  satellite.  It  will  be 
used  to  raise  the  altitude  of  the  satellites  in  order  to 
prolong  the  on-orbit  lifetime.  The  details  of  this  mode 
will  be  discussed  In  the  following  section. 

&■  oft> 

Once  the  spacecraft^  at  an  appropriate  altitude,  the 
main  science  operations  mode  will  begin.  This  mode 
Includes  the  primary  3CS  mission  of  stereoscopic 
imaging.  Furthermore,  throughout  this  phase  the 
virtual  formation  network  wall  also  be  utilized.  This 
primary  mission  will  take  approximately  eight  weeks, 
but  will  continue  as  long  as  the  spacecraft^  are 
operational. 

Finally,  the  micropropulsion  experiment  will  become 
active  again  at  the  end  of  the  proposed  science 
mission.  This  additional  micropropulsion  mode  will 
allow  the  developed  thruster  system  to  be  fully  tested 
and  characterized  during  the  thruster’s  maiden  flight. 
The  additional  propellant  required  for  propulsive 
maneuvers  during  this  experimental  mode  will  be 
kept  within  the  mass  requirements  detailed  in  the 
following  section. 

In  case  of  onboard  emergency  (e.g.,  the  battery 
voltage  falls  below  a  critical  value),  the  flight 
computer  of  the  affected  spacecraft  will  go  Into  a  safe 
mode.  The  spacecraft  will  orient  itself  into  a 
maximum  solar  illumination  position  and  transmit 
and  listen  at  a  preprogrammed  rate  until 
communication  with  the  ground  station  is  re¬ 
established. 

Mission  Requirements 

The  objective  of  the  micropropulsion  experiment  is  to 
demonstrate  the  functionality  of  the  system  by 
prolonging  the  in-orbit  life  of  the  satellites.  After 
Shuttle  deployment,  the  satellite  altitude  should  be  at 
or  above  350  km.  If  there  Is  no  attempt  to  offset  the 
atmospheric  drag,  the  satellite  orbital  life  is  expected 
to  fall  short  of  the  requirements  imposed  by  the 
science  mission.  As  stated  earlier,  all  of  the 
operational  modes,  with  the  exception  of  the 
micropropulsion  mode,  require  a  minimum  orbital 
lifetime  of  85  days.  This  is  the  strictest  requirement 
for  the  success  of  the  primary  mission.  In  the  case  of 


shorter  orbital  lifetimes,  some  of  the  scientific  results 
will  be  compromised.  Hence,  a  possible  course  of 
action  is  either  to  offset  the  drag  continuously  In 
order  to  maintain  altitude,  or  to  raise  orbit  to  a  higher 
altitude.  The  trade-off  among  these  options  will  be 
discussed  In  further  detail  later. 

It  should  be  stressed  that  the  satellite  mass  and  power 
budgets  affect  the  micropropulsion  experiment 
immensely.  For  instance,  the  average  power 
produced  by  the  solar  array  varies  between  10  W, 
using  high-efflciency  silicon  cells,  and  15  W  with 
high-efficiency  GaAs  cells.  Housekeeping  electronics 
would  require  between  3  and  5  W  of  power,  and  an 
active  attitude  control  system  would  need  about  4  W 
of  power.  Obviously,  not  all  components  can  be 
switched  on  at  the  same  time.  The  micropropulsion 
experiment,  consequently,  would  need  to  operate  on  a 
duty  cycle  like  other  electronic  components  onboard. 
Also,  the  internal  volume  and  the  mass  of  the  satellite 
would  limit  the  amount  of  propellant  that  can  be 
accommodated  and  even  affect  the  choice  of 
propellant.  Therefore,  the  method  of  demonstrating 
the  micropropulsion  system  must  be  a  compromise 
between  the  lifetime  of  the  satellite  and  the  resources 
available.  Current  estimates  indicate  that 
approximately  10  W  of  power  and  4  kg  of  mass  will 
be  available  for  the  micropropulsion  system  on  the 
3CS  spacecraft. 

Drag  Estimates 

In  order  to  realistically  estimate  the  drag  force  on  the 
microsateilite,  an  accurate  prediction  of  the  neutral 
atmospheric  density  must  be  obtained.  The  most 
commonly  used  analytical  model  of  the  upper 
atmosphere  is  the  Mass  Spectrometer  and  Incoherent 
Scatter  (MSIS)  model.12  The  MSIS  E90  model  (1990 
version)  uses  the  Fi0j  flux  and  ap  geomagnetic  index 
as  Input  parameters.  The  F  l0j  flux  is  a  measured 
quantity  of  the  solar  radio  flux  observed  at  a 
wavelength  of  10.7  cm.  Variations  in  the  10.7  cm 
wavelength  are  used  by  the  model  to  estimate  the 
long-term  variations  in  solar  activity  that  drives  LEO 
4$  density.  FiftSI  7  shows  the  measured  F  10.7  from  1991 
to  January  2000  and  the  predicted  flux  (with  high  and 
low  estimates)  through  the  anticipated  3CS  mission 
timeframe.  The  predicted  values  shown  in  FIg/7  are 
used  throughout  the  remaining  calculations  for  the 
prediction  of  the  drag  force  anticipated  on  the  3CS 
microsateilite. 

Figure  8  shows  the  atmospheric  total  mass  density  as 
a  function  of  orbital  altitude  for  various  values  of^he 
Ftojflux  derived  from  the  MSIS  model,  and  Flf^  8(b) 
shows  the  MSIS  results  for  the  predicted,  low  and 
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high  values  of  the  F10j  flux  during  the  launch 
timeframe.  The  number  density  of  the  major 
atmospheric  components  as  a  function  of  altitude  for 
a  launch  predicted  value  of  Fio.?=  139.5  sfu  (1  sfu  = 
IQ’22  W  m'2  Hz'1)  is  shown  in  Fis^v? Figure  10  shows 
the  total  atmospheric  number  density  throughout  the 
anticipated  initial  orbit  of  the  3CS  microsatellite 
assuming  a  Shuttle  deployment  This  density  is  used 
to  estimate  the  initial  drag  force  that  the 
microsatellite  will  encounter. 

A  critical  design  requirement  is  that  the  thrust 
produced  by  the  micropropulsion  system  must  exceed 
the  atmospheric  drag  imposed  by  the  neutral 
atmosphere  at  the  lowest  deployable  altitude 
(assumed  to  be  350  km  from  a  Shuttle  launch).  In 
order  to  calculate  the  drag  force  on  a  spacecraft  and 
subsequently  the  propellant  requirement  to  overcome 
the  drag,  several  spacecraft-dependent  parameters  are 
required.  The  ballistic  coefficient  is  defined  as 


where  m  is  the  total  spacecraft  mass,  Cd  is  the 
coefficient  of  drag,  and  A  is  the  total  frontal  area  of 
the  spacecraft  (i.eajki  the  direction  of  the  velocity 
vector).  The  drag^coefficient  ranges  from  2  to  4 
depending  on  the  gas/surface-interaction  processes 
assumed.13  A  typical  value  of  the  drag  coefficient  for 
most  spacecraft  is  approximately  2.2.14  Table  1 
shows  the .  anticipated  values  of  the  ballistic 
coefficient  for  the  3CS  microspacecraft. 

Table  L  Spacecraft  Parameters  for  3CS  Mission. 


Minimum  Total  Mass  (kg) 

15 

Minimum  Cross  Sectional  Area  (m2) 

0.136 

Minimum  Drag  Coefficient14 

2.0 

Maximum  Total  Mass  (kg) 

18 

Maximum  Cross  Sectional  Area  (m  ) 

0.150 

Maximum  Drag  Coefficient14 

2.7 

Minimum  Ballistic  Coefficient  (kg/m2) 

37.0 

Maximum  Ballistic  Coefficient  (kg/m2) 

66.2 

The  force  due  to  drag  on  a  spacecraft  is  given  by 


Fd  =^mrv2B"1  (2) 

-  where  p  is  the  atmospheric  density  derived  by  the 
MSIS  model  and  v  is  the  spacecraft  orbital  speed  at  a 
given  altitude. 

The  maximum  drag  force  extends  from  0.04  to  0.14 
mN  for  the  range  of  ballistic  coefficients  and 


predicted  atmospheric  densities  |5ig/  8(b)|  at  the 
lowest  orbital  altitude  (350  km).  Consequently,  the 
minimum  thrust  from  the  micropropulsion  system 
should  be  approximately  2-4  mN  to  adequately 
overcome  the  expected  drag  force. 

The  lifetime  of  an  individual  3CS  spacecraft  as  a 
function  of  initial  deployment  altitude  is  shown  in 
Fig/ il.  Figure  12  shows  the  orbit  perigee  altitude  as 
a  function  of  the  number  of  orbits  for  various  initial 
altitudes.  The  orbital  decay  and  lifetime  plots  were 
generated  using  an  industry-standard  software 
package.15  As  mentioned  earlier,  the  science  portion 
of  the  3CS  mission  requires  a  lifetime  in  excess  of  85 
days.  The  anticipated  initial  orbital  altitude  from  a 
Shuttle  launch  (350  km)  yields  an  expected  lifetime 
of  approximately  51  days  based  on  the  maximum 
ballistic  coefficient  (best  case  for  lifetime 
calculations)  in  Table  1.  Therefore,  the 
micropropulsion  system  is  required  in  order  to  ensure 
adequate  on-orbit  time  for  mission  success. 

The  effects  of  drag  on  the  individual  3CS  satellites 
can  be  counteracted  in  two  ways.  First,  a 
micropropulsion  system  can  be  used  periodically  to 
maintain  orbit.  Second,  a  micropropulsion  system  can 
be  used  to  raise  the  spacecraft  to  a  specific  altitude 
that  can  support  the  desired  mission  lifetime.  A 
combination  of  these  two  methods  can  allow  the 
spacecraft  to  be  raised  to  an  intermediate  altitude  that 
can  then  be  maintained  with  reduced  propulsive 
requirements. 

Table  2  shows  the  estimated  values  of  the  spacecraft 
lifetime  and  propulsive  requirements.  Under  the 
assumed  mission  operations,  the  spacecraft  will  be  at 
an  altitude  of  about  350  km  at  deployment. 
Maintaining  the  orbit  at  350  km  for  approximately  3 
months  would  require  a  prohibitive  Av,  which 
translates  to  a  large  propellant  budget.  Therefore,  the 
preferred  technique  would  be  to  raise  the  orbit  of  the 
microsatellite  to  one  which  can  support  a  nominal 
three  to  four  month  mission.  For  the  B=66.2  kg4n2 
case  (best  case),  the  optimum  orbit  raising  maneuver 
would  be  to  raise  the  orbit  to  between  375  and  400 
km  initially.  Because  there  are  several  unknown 
quantities  at  this  stage  of  the  3CS  development  such 
as  actual  solar  activity  and  spacecraft  ballistic 
coefficient,  an  initial  orbit  raise  to  400  km  will  be 
opted  for  in  order  to  allow  for  error.  Table  2  shows 
the  Av  requirements  to  raise  the  initial  orbit  to 
various  altitudes. 
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micropropulsion  FOR  3CS 


Table  2.  Lifetime  and  Av  for  3CS  spacecraft  as  a 
junction  of  altitude. _ _ _ _ _ _ 


r-3 - ; - ^ - 

Final  Altitude 
(km) 

Lifetime  (days) 
for  B  =  66,2 
kg/m2 

Av  to  raise 
orbit  from 

350  km 
(m/sec) 

350 

58 

0 

375 

100 

14.3 

400 

174 

28.6 

425 

312 

42,9 

450 

584 

57.2 

Estimated  Mission  Propulsive  Requirements 


To  achieve  the  initial  science  objectives  of  the  3CS 
mission,  the  micropropulsion  system  will  be  required 
shortly  after  Shuttle  deployment  to  raise  each  of  the 
3GS  spacecraft  to  400  km.  Orbit-raising  maneuvers 
performed  with  a  low-thrust  propulsion  system  will 
require  a  constant-thrust  spiral  transfer,  which  is 
subjected  to  pointing  errors  of  the  microspacecraft. 
The  utilization  of  three-axis  stabilization  is  expected 
to  minimize  the  microsatellite  pointing  error  to  within 
5°,  This  will  increase  the  total  propellant  budget  by 
3%  for  the  worst-case  pointing  configuration 
throughout  the  altitude-raising  maneuver. 

Since  the  initial  and  final  altitudes  of  the  oCS 
microspacecraft  are  rather  low,  there  are  no 
propulsive  requirements  for  de-orbit.  However,  once 
the  science  mission  is  complete  on  the  3CS 
microsatellite,  the  micropropulsion  experiment  will 
begin  again.  This  experiment  will  thoroughly  test  the 
selected  micropropulsion  system  by  performing  a 
series  of  orbit-lowering  and  -raising  maneuvers.  The 
total  propulsive  budget  is  given  in  Table  3  for  all 
potential  maneuvers  and  compensation  for  losses. 
Additional  maneuvers  are  desired  to  assess  the 
micropropulsion  system’s  ability  to  perform  attitude 
control  and  demonstrate  formation  flying.  However, 
they  are  expected  to  require  minimal  propellant. 


Table  3.  Total  Estimated  Mission-Required  Av  for 
3CS  _ _ _ _ _ , - 


Av  -  Drag  Makeup  (m/sec)  -  Orbit  Raise 

28.6 

Av  -  De-Orbit  (m/see) 

0 

Av  -  Other  Maneuvers  (m/see) 

100 

Av  -  Pointing  Errors  (m/sec) 

3,9 

Total  Av  Required  for  Mission  (m/see) 

132.5 

Two  micropropulsion  systems  are  under 

consideration  for  flight  on  the  ASU  microspacecraft 

as  a  demonstration  of  unique  technology  which  can 

be  addressed  within  the  pre-launch  time  frame.  The 

systems  currently  being  considered  are  the  free 

molecule  micro-resistojet  (FMMR),  which  is 

described  in  detail  elsewhere16,  and  a  cold-gas 

micronozzle  thruster,  which  incorporates  a  laser- 

machined,  3-dimensional  conical  nozzle  with  a  throat 

diameter  of  90  pm.  Although  these  two  systems  do 

not  produce  as  high  a  Av  for  a  given  propellant  mass 

as  some  electrical  propulsion  systems  (e.g.  Hall 

thrusters),  their  mass  and  power  requirements  are  a 

better  match  for  the  3CS  constraints.  . 

Svstem  Requirements  for  Free  Molecule  Micro- 
Resistoiet  (FMMR) 

The  predicted  performance  characteristics  of  the 
FMMR  are  shown  in  Fig/ 13  for  a  water  propellant 
and  a  heated- wall  temperature  of  600  K.  These 
results  were  derived  from  numerical  simulations 
using  the  Direct  Simulation  Monte  Carlo  (DSMC) 
technique.1346  The  FMMR  will  operate  most 
effectively  for  the  3CS  mission  by  utilizing  a  water 
propellant  stored  as  ice  on  orbit.  For  typical 
spacecraft  temperatures  in  LEO  (260  K),  the  vapor 
pressure  of  ice  is  approximately  195  Pa  which  is  an 
ideal  stagnation  pressure  for  the  FMMR  with  a  100 
pm  slot  width.  This  operating  pressure  gives  a  thrust 
per  unit  slot  length  of  approximately  10  mN/m  (Fig r 
13),  which  implies  that  40  slots  with  an  individual 
length  of  1  cm  are  required  to  produce  a  4  mN  thrust. 

Although  higher  values  of  thrust  can  be  obtained  with 
higher  stagnation  pressures,  there  is  a  distinct 
advantage  to  operating  the  FMMR  at  low  pressures. 

The  FMMR  specific  impulse  at  this  stagnation 
pressure,  is  approximately  70.25  sec.  As  can  be  seen 
in  Fi^/l3,  smaller  thrust  required  for  attitude  control 
can  be  obtained  by  reducing  the  FMMR  stagnation 
pressure  (or  propellant  storage  temperature)  without 
significantly  compromising  the  overall  efficiency. 

Pro^eUant  Mass  Requirements 

The  propellant  mass  required  to  perform  Av 
maneuvers  is  given  by 
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where  m0  is  the  initial  dry  mass  of  the  spacecraft.  For 
the  total  required  Ay  given  in  Table  3,  the  propell^nt^i^ 
mass  required  for  the  FMMR  is  approximately^lASj^  ^ 
kg  for  a  spacecraft  dry  mass  of  14  kg.  The  volume  * 
required  to  store  the  water  propellant  would  be 
approximately  0.0029  m3,  allowing  a  maximum  20% 
increase  in  volume  as  ice  expands.  Since  the  FMMR 
propellant  is  stored  as  a  liquid  at  room  temperature, 
the  propellant  tank  need  only  be  designed  to  survive 
the  launch  environment  The  largest  propellant 
volume  could  be  contained  in  a  spherical  tank  with  a 
diameter  of  17.8  cm.  For  a  graphite  propellant  tank, 
the  tank  mass  would  be  about  0.4  kg.  The  composite 
results  are  summarized  in  Table  4  for  a  Av  of  132.5 
m/sec  and  a  dry  spacecraft  mass  of  14  kg. 

Power  Requirements 

The  FMMR  uses  electrical  power  to  heat  the  thin- 
film  elements  which  transfer  energy  into  the 
propellant  gas  through  surface  collisions.  For  the 
FMMR  geometry  and  operating  conditions  described 
by  Ketsdever,  approximately  6  to  8  W  is 

required  ,  to  heat  tne  propellant  gas  to  obtain  the 
expected  performance.  Since  the  FMMR  operates  at 
very  low  pressures,  the  valve-sealing  requirements 
are  minimized,  and  the  additional  power  required  for 
valve  operations  should  be  minimized.17  With  the  use 
of  MEMS-fabricated  isolation  and  actuating  valves, 
the  total  power  required  to  operate  the  FMMR  can  be 
maintained  under  15  W.  Pressure  regulation  inside 
the  device  can  be  achieved  by.  controlling  the 
propellant  storage  temperature  (propellant  vapor 
pressure)  with  waste  heat  from  the  microspacecraft. 

Overall  System  Structure 

The  FMMR  offers  several  additional  benefits  from  a 
systems  standpoint.  First,  the  long  expansion  slots  are 
not  prone  to  catastrophic  plugging  by  contaminants. 
Second,  the  propellant-feed-system  mass  and  valving 
requirements  are  minimized.  Third,  the 
micromachined  structure  is  lightweight  and  robust  in 
construction.  In  addition,  the  entire  slot  assembly  for 
the  FMMR  geometry  of  40  slots  with  a  width  of  100 
(im  can  be  contained  within  a  2.5  cm  x  2.5  cm  area. 

Plus  the  added  benefit  of  launching  a  benign 
propellant  at  atmospheric  pressure  makes  the  FMMR 
very  attractive,  especially  in  the  case  of  the  proposed 
Shuttle  launch.  Lastly,  the  total  FMMR  system  mass 
will  be  approximately  3.3  kg  including  propellant. 

System  Requirements  for  Cold-Gas  Micronozzle 

The  cold-gas  (CG)  micronozzle  thruster  has  a  throat 
diameter  of  87.6  pm,  an  exit  diameter  of  257  pm,  and 


a  supersonic  expansion  angle  of  15°.  To  provide  a 
thrust  of  approximately  10  mN  with  a  molecular 
nitrogen  propellant,  the  CG  thruster  will  be  required 
to  operate  at  a  stagnation  pressure  of  106  Pa,  At  these 
conditions,  the  anticipated  specific  impulse  for  this 
thruster  is  80.3  sec. 

Propellant  Mass  Requirements 

Following  the  same  analysis  developed  for  the 
FMMR,  the  propellant  mass  required  for  the  CG 
micronozzle  thruster  to  perform  the  required  mission 
is  2.17  kg.  The  minimum  design  operating  pressure 
for  the  CG  thruster  is  approximately  105  Pa,  which 
indicates  that  some  propellant  will  remain  in  the  feed 
system  at  the  spacecraft  EOL.  Based  on  the 
assumption  that  no  propellant  will  be  lost  due  to 
valve  leakage,  this  implies  that  0,7%  more  propellant 
mass  will  need  to  be  stored  in  order  to  perform  the 
mission  based  on  the  same  Av  requirements. 
However,  valve  leakage  can  be  a  major  concern  with 
high-pressure  systems. 

The  use  of  gaseous  propellant  on  microspacecraft  has 
two  serious  drawbacks.  First,  the  relatively  low 
density  of  the  propellant  requires  large  storage 
volumes  on  extremely  space-limited  microspacecraft. 
Second,  gaseous  propellants  must  be  stored  at  high  ' 
pressures  which  requires  relatively  massive  fortified 
propellant  tanks  when  compared  to  propellant  mass. 
For  example,  a  graphite  propellant  tank  containing 
nitrogen  stored  at  20  MPa  will  require  a  mass 
approaching  1.3  kg.  To  reduce  the  storage  volume, 
the  storage  pressure  can  be  increased;  however,  the 
tank  mass  may  increase  to  unacceptable  levels.16  The 
CG  system  requirements  are  summarized  in  Table  4. 

Power  Requirements 

Unfortunately,  the  use  of  a  CG  micronozzle  thruster 
does  not  come  at  reduced  power  consumption.  Since 
the  propellant  storage  pressure  is  roughly  200 
atmospheres,  a  valve  is  required  with  an  extremely 
low  leak  rate.  Typically  these  valves  require  powfer  to 
open  on  the  order  of  10  to  30  W.18  However,  lower 
power  valves  with  increasingly  lower  leak  rates  are 
currently  being  developed  even  on  the  MEMS  level 
[19].  In  this  general  survey,  it  is  assumed  that  the 
power  supply  mass  for  the  CG  thruster  is  equivalent 
to  that  required  for  the  FMMR. 

Overall  System  Structure 

The  CG  micronozzle  thruster  has  several 
disadvantages  from  an  overall  systems  viewpoint; 
however,  the  technology  has  been  previously 
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demonstrated.  The  CG  micronozzle  system  will 
require  high-pressure  feed  lines*  pressure  regulation, 
and  strict  propellant  filtering  due  to  an  additional 
concern  of  catastrophically  plugging  the  nozzle 
throat  The  total  CG  propulsion  system  mass  will  be 
approximately  4,5  kg  including  propellant. 


^sp.eff 


1- 


Po,d 


(1+0 


(4) 


Table  4>  Micropropulsion  System  Comparison 


Thruster 

FMMR 

CG 

Propellant 

Water 

n2 

Thrust  (mN) 

4-6 

5-10 

Isp  (sec) 

70.3 

80.3 

Propellant  Mass  (kg) 

2.45 

2,17 

Empty  Propellant  Tank 
Mass  (kg) 

0.4 

1.3 

F ull  Propellant  Tank 

Mass  (kg) 

2.85 

'  3.47 

Spherical  Tank  Radius 
(cm) 

8.9 

15.8 

Estimated  Power 
Requirement  (W) 

15 

10-20 

MICROPROPULSION  SYSTEMS 
ANALYSIS 

In  an  attempt  to  quantify  the  fundamental  viability  of 

the  FMMR,  an  initial  systems  comparable  or 

effective  specific  impulse  has  been  estimated/  The 

effective  Isp  modifies  the  thruster* s  intrinsic  Isp  by 

taking  into  account  such  system  losses  as  high 

pressure  propellant  storage,  MEMS  valve  leakage, 

and  propellant  left  over  in  the  storage  system  at  the 

spacecraft  end  of4ife^EQL)T  %  A  •  ^ 

errs 

For  an  overall  systems  analysis  of  microthruster 
systems,  it  is  important  to  consider  other  sources  of 
mass  in  addition  to  the  propellant.  One  of  these 
major  sources  is  the  propellant  storage  tank.  For  a 
nitrogen  propellant  stored  at  20  MPa  and  300K  in  a 
spherical  titanium  (ultimate  tensile  strength  =  1.23 
(Gl%)  tank,  the  ratio  of  the  tank  mass  to  the  propellant 
^  mass  is  approximately  1.0  using  a  safety  factor  of  2. 
Similar  analysis  for  an  graphite  tank  yields  a  mass 
ratio  of  0.483.  For  microthruster  systems  which  use 
propellant  stored  as  high  pressure  gases,  the  storage 
tank  mass  can  be  on  the  same  order  as  the  propellant 
mass  required  to  perform  the  mission. 

Effective  Specific  Impulse 

The  effective  specific  Impulse  of  a  thruster  system  in 
terms  of  the  extra  mass  associated  with  minimum 
operating  pressure,  propellant  loss  due  to  valve 
leakage,  and  storage  tanks  can  be  given  by3 


where  Isp  is  the  intrinsic  specific  impulse  of  the 
thruster,  p0sd  is  the  design  operating  pressure  of  the 
thruster,  pi-s  is  the  initial  propellant  storage  pressure,  q 
is  the  fraction  of  propellant  lost  due  to  valve  leakage, 
Mt  is  the  propellant  tank  mass,  and  MP)S  is  the  mass  of 
the  stored  propellant. 

Effective  Specific  Impulse  Comparisons  of  the 
FMMR  with  a  Cold  Gas  Thruster 

As  mentioned  earlier,  the  operating  characteristics  of 
the  FMMR  appear  very  attractive  using  a  water 
propellant  stored  on-orbit  in  solid  form.  Table  4  lists 
the  intrinsic  Isp  of  the  FMMR  operating  on  water 
propellant  with  Kn  =  1  and  Tw  =  600K  to  be 
approximately  70  sec. 

The  propellant  storage  pressure  (Le^the  vapor 
pressure  for  a  solid  propellant)  being  extremely  small 
(on  the  order  of  102  Pa  maximum)  has  several 
advantages  from  a  systems  viewpoint.  First,  the 
storage  tank  need  only  be  designed  to  handle  launch 
stresses  since  the  storage  pressure  is  much  less  than 
the  ultimate  tensile  strength  of  most  materials.  In  this 
case,  standard  materials  such  as  titanium,  aluminum, 
and  graphite  can  be  replaced  by  much  lighter 
materials.  Second,  the  reduced  storage  pressure 
lowers  the  leak  rate  through  MEMS  valves  to  trivial 
levels  (^  =  0).  Third,  since  p0td  is  unusually  small, 
nearly  all  of  the  propellant  is  used  by  the  FMMR  at 
EOL  (p04  *  p^s).  From  these  arguments,  the 
effective  Isp  for  the  FMMR  Is  very  close  to  its 
intrinsic  value  of  70  sec. 


Table  5  gives  a  general  comparison  between  the 
FMMR  operating  with  a  water  propellant  and 
micronozzle  systems  which  store  high  pressure 
helium,  nitrogen  and  argon  propellants  as  a  function 
of  the  operating  temperature.  The  effective  Isp 
results  for  the  micronozzle  cases  are  also  shown  for 
various  values  of  In  the  case  of  the  FMMR,  the 
operating  temperature  is  Tw,  and  in  the  case  of  the 
micronozzle,  the  operating  temperature  is  the 
stagnation  temperature.  For  a  cold  gas  micronozzle 
thruster  (20  pm  diameter  throat,  outlet  to  throat  area 
ratio  of  20,  and  expansion  angle  of  15*)  operating  on 
a  gaseous  nitrogen  propellant,  the  Ideal  Intrinsic 
specific  impulse  is  approximately  80  sec.  Assuming 
that  there  are  no  viscous  losses  in  the  micronozzle. 


$ 
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the  minimum  design  pressure  will  be  0.1  MPa  (Re  * 
400).  A  graphite  propellant  tank  is  assumed  with  a 
^Storage  pressure  of  20  MPa.  If  it  is  assumed  that  £  = 
5)  the  effective  Isp  for  the  nitrogen  cold  gas 
micronozzle  is  approximately  54  sec. 

The  FMMR  can  operate  with  a  water  or  ammonia 
propellant  in  a  cold  gas  mode  (Lefywlth  the  heating 
elements  off)  without  the  problerrr-of  the  propellant 
recondensing  in  the  device.  This  is  due  to  the  low 
operating  pressure  and  short  residence  time  of  water 
on  surfaces  with  a  temperature  of  300  K.  Cold  gas 
micronozzle  flows  on  the  other  hand  will  experience 
some  degree  of  condensation  in  the  stagnation  region 
which  acts  to  seriously  degrade  performance. 


In  the  case  used  previously  for  a  cold  gas  nitrogen 
micronozzle  expansion  with  the  propellant  stored  at 
20  MPa  and  £  =  0,  the  propellant  density  (To  = 
300K)  and  effective  specific  impulse  are  224.5  kg/m3 
and  54.1  sec,  respectively  as  shown  in  Table  5.  For 
the  FMMR  operating  on  water  vapor  (from  propellant 
stored  as  ice)  with  Tw  =  600K,  the  effective  specific 
Impulse  is  70  sec.  Therefore,  the  ratio  from  Eqn.  (5) 
is  approximately  5.6  for  . a  graphite  storage  tank.  For 
a  titanium  propellant  tank,  the  storage  volume  ratio  is 
approximately  22.  Although  factors  of  2  to  3 
reduction  In  the  volume  ratio  can  be  envisioned  by 
storing  the  nitrogen  propellant  at  higher  pressure, 
there  are  material  limitations  to  this  approach. 


It  is  evident  from  Eqn.  (4)  that  the  mass  of  the 
propulsion  system’s  power  supply  has  not  been 
included  in  the  calculation  of  effective  specific 
impulse.  In  this  case,  it  is  assumed  that  the  power 
supplies  and  related  plumbing  required  for  the 
FMMR  and  the  cold  and  warm  gas  micronozzies  will 
be  roughly  the  same.  Cold  gas  thrusters  which 
operate  at  high  pressures  typically  require  heavy, 
high  power  valves,  thick  walled  tubing,  and  pressure 
regulators  which  tend  to  balance  out  the  weight  of  the 
FMMR  power  supply. 


Propellant  Storage  Volume  Considerations 


Although  microspacecraft  may  be  mass  and  power 
limited,  perhaps  the  most  critical  obstacle  for  the 
propulsion  subsystem  is  the  severe  volumetric 
limitation, .  Obviously,  there  is  a  benefit  in  storing 
solid  or  liquid  propellants  over  gaseous  propellants  In 
terms  of  reduced  storage  volume.  The  volume 
required  to  store  the  propellant  is  a  function  of  the 
mission  requirements  (i.e/^Av  required)  and  the 
density  of  the  propellant  rfo waver,  the  mass  of  the 
propellant  stored  at  the  beginning  of  the  mission  MPiS 
depends  on  the  minimum  operating  pressure  of  the 
thruster  and  the  valve  leak  percentage. 

If  it  is  assumed  that  the  initial  mass  of  the  spacecraft 
will  differ  between  the  high  pressure  micronozzle 
operation  and  the  FMMR  only  in  the  mass  of  the 
propellant  storage  tank,  then  in  the  limit  of  small  Av 
the  ratio  of  propellant  storage  tank  volume  becomes 


‘  ^t.MN  Pp.FMMR  ISp,  effpMMR 

^FMMR  Pp.MN  .  IsP*sffMN 


(5) 


where  pp  is  the  density  of  the  propellant,  Isp,eff  Is  the 
effective  Isp  derived  from  Eqn.  (4),  and  the  terms 
with  subscript  MN  refer  to  the  micronozzle  values. 


CONCLUSIONS 

"—The  FMMR  and  cold  gas  systems  are  chosen  among 
.other  micropropulsion  technologies  because  their 
mass  and  power  requirements  fit  well  with  the  3CS 

*  mission  requirements.  Moreover,  the  simplicity  and 
maturity  of  the  technology  also  promises  a  functional 
.‘system  to  be  completed  within  the  two-year  pre- 
Taunch  timeframe.  Although  both  micropropulsion 

*  systems  can  satisfy  similar  operational  requirements, 
*lhe  FMMR  has  several  beneficial  systems 
characteristics,  which  makes  it  the  more  attractive 
>  system  for  3CS.  For  example,  the  propellant  storage 

volume  is  greatly  reduced  over  the  high-pressure  cold 
gas  system,  the  total  system  mass  is  reduced,  the 
geometry  of  the  FMMR  is  easy  to  machine  and  quite 
robust,  and  the  expansion  slots  are  less  susceptible  to 
catastrophic  clogging  compared  to  the  single  point 
failure  of  the  cold  gas  nozzle  throat. 

"“The  mission  presented  is  a  worst-case  scenario  in 
which  3CS  micropropulsion  experiment  begins  at 
350  km.  With  a  higher  Shuttle  insertion  of  400  km, 
the  micropropulsion  system  requirements  for  mass, 
volume,  and  power  will  be  reduced.  Moreover, 
trading  on-orbit  lifetime  for  smaller  resource  usage 
provides  another  possibility.  A  number  of  system 
trades  will  be  considered  over  the  next  several 
months  of  design  in  order  to  maximize  the  potential 
information  derived  from  the  3CS  mission.  Based  on 
the  current  study,  the  results  for  flight  testing  the 
FMMR  are  encouraging  and  suggest  the  success  of 
the  FMMR  as  a  candidate  for  future  microspacecraft 
propulsion. 
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Table  5:  Comparison  of  Effective  Specific  Impulse  for  the  FMMR  and  CoId/WarmGas 
Micronozzle  (MN)  Cases. 


Figure  2.  3CS  isogrid  structure. 
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Figure  3.  Blow-up  view  of  the  satellite  structure.  The  isogrid  side  panel  (2)  and  the  bulkhead  (1)  are  interlocked  in 
order  to  provide  greater  rigidity.  The  composite  solar  array  substrate  (3)  will  be  mounted  to  the  side  panels  in  four 
places  with  two  mounts  on  the  top  and  two  on  the  bottom. 


Figure  4.  Microspacecraft  bulkheads. 
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Figure  11:  Predicted  lifetime  versus  initial  orbital  altitude  for  B  =  66,2  kg/m2  (F1G.7  =  139.5  sfu).  Solid  line: 
lifetime  for  final  altitude  of  65  km.  Dashed  line:  lifetime  for  final  altitude  of  250  km. 


Figure  12:  Perigee  height  as  a  function  of  orbit  number  for  various  initial  altitudes  (B  =  66.2  kg/m2,  F10.7  =  139.5 


Figure  13:  Predicted  FMMR  performance  characteristics  as  a  function  of  operating  pressure  assuming  a  heated  wall 
temperature  of  600  K  and  a  water  propellant. 
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